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FOEEWORD

Thies reporu 18 the resuit of experiments performed by Charles W, Eriksen
under contract No. AF 33(038)-226:2 at the Institute for Cooperative Research,
The Johns Hopkins University. The contract was iritinisd under a mroldsct fdsn

- AVSEA™

tified by Research and Develiypment Ordar Nos. $9%-45, Presentstion of Data op

Radar Scopss, snd £0k-h3, Human Brginssring Amalysis of Multiple Uperator Aire

Ground Systems, snd was administered by the Peycholngy Branch of the Aero
Medical Leboratory, Directorate of Research, Wright Air Develoysent Cenixr,
#ith Julien M. Christensen acting es Prvject Engineer.
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ABSTRACT

The present report is concerned with the effect of stimuius variastion in
gevaral dimensions simulianecusly uron the accuracy of discrimination in
absolute judguent, The dimcrnions were sizs, hue and brightuess. The dis-
criminavicn soasures for these dimensions were obtained sepirately and wers

compared with Atecrimination messures chiained by copoiundlang Ubese dimensions

in vericus wvays. Discriminability was botter for the muitidimcasional ssiles

of stimwi than fur any of tr+ compounded dimensions used alcne, It was further
shown that the Alscrimimatior accuracy for a compounded or multidimersiounal
series can be predicted if the discrimination accuracy of the separate dimensions
is known, This prediction is based on the assumption that the accuracy of
Ascrimination on the several dimensions is independent when siwunltaneously
Judged.
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I. INTRODUCTION

Can a series of stimali be mure sccurately discriminated from cne snother if
they differ on two or threc dimensions than if they differ along 2 eingle dimca-
zion? And, can the diserimination scouracy; for such mltidimbncicnal silimusi b
Predicted frum the discriminability of the component dimsnaionat Tittle svnerimen.
tal work has been performed on thase epecific questiocus, bui thers are several
reports in the literature that indicate multidimensional cues facilitete learning
and reduce reactlion tims., ¥ninger (3) found that rats “earned a discriminstion
Problea more rapidly vwhen visual and avditory cuss vere compoundsd than when
either auditory or visual cues vere used sloiw, Similar £indings were obtained
by Miller using compounds of visual snd suditory modalities in & classical condi.
tioning study (8). In both these studies coapoumding "/ad scrose different =ense
mxdalitizg, Oowzver, t¥0 studies have shown that reaction time is reduced vhen
two dimensions within the same sense modelity are compounded. Orzst (6) fourd ip
& card sarting task that sorting vas more rapid if the cards differed in both
mmhar and confimoatiocn than I thsy dilfTered in wukbsr aione. And Weivs (9)
found that reaction time to control levers wae pore rzpid if wWie knoovs differed
in both hue and form than if they differed only om hue or omly on form,

Several other studies have indicated, however, that ths overall perceptual
situation dstermings in some casee vhether or not campounded or multidimsnsiooal
cues coatrivute to discrimination. Erikssz (%) Iousd that compounding cues on
the dimensions of hue, form, size and brightness 4id not increase the speed with
vhich objectes could be located in a visual display. Be found that this feilure
to iwprove locatiou time was attributable to s perceptusl heterogsneity factor
that resulted from introducing wore dixcnsions of variation into tae display.
More recently Bricker (1) has showr that redundant position cues did not coatri-
bute in lesrning to sssociate labels to a sat of vigsual fores,

In grasered the results of work in this area have been to suggest that the
effecis of compounding dimensional cues Gepends in some msasure upoz the respouse
studied and the nature of the task., In none of ths cases has there been a direct
offort td assess the effects of compoupding Ai=m=:5icns in terms of acoursacy of
discrimination or the number of discriminable steps in a stimulus seriés thal cas
be obtainzd. In the Fresent study both discrimination accuracy ad tl. number of
reliably discriminable steps have been detsrwined for & series of stimull varying
alcug the dimeneion of size, hie and brightnees. The discrimination msasures
cbtained for stimmli varying along these single dimeneions wete then compared
with the discrimindtion maasurvs obtained vhan a stimulus series varied on sisa
and hne, sige wnid brightness, hus and brightusss, and sizs, hisd aad bdrightoess.

II, NMETEHD

~ Dezign. Discriminstion wes dstermined by the method of sbsolute Juighernt,
or as 1t is sometiumee called, the mathod of stimulus reting. The =iths2 regeites
the subjects to ideatify by & nsme, aunmber or velue each member of & et of imdM.
vidually presentcd stimuli. In tho present otudy subjects used the mamdeérs S
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1-2C iu order to identify vhich stimulus nod oceurred. The ebaoclute method was
chosen as » measure of discrimination since it is omenable to an mnmlys‘ in
terms of inférmation theory, Garner and Weke (5) bave shown thet the irrormstion
iransnitted by a reries of stimul!l along o dimension is interpretable gs the
number of stimull that can be selected from this dimension to ylield perfect
discrimination under absolute corir+ions. '

Seven differzni series of stimuli vere juiged in the present study., In

taree of tbese series ihr sUiGuli cOBEPOSing the heries Aiffered TPGE ORE &uscLiher
alcng a single dimension. These dimensions were respzctively, sire, hue and brignt
negs., In the reuwsining four stiiulugs series multidimensional ctimulus diffarences
wverz emploved, In three of these four reamsining seriegs each atimulus in {he series
cculd be uniquely specified on each of tvwo dimensions, and in the fourth geries
each gtimuluc could be specified on all thre: dimensions. The brichiness and tha
size-brightness series eazh cortained 17 stimuii and 20 stimuli were used in each

nf the remeinins saries,

Eech of six subjects made one hundred Judgments of each stimuluae in each of
the saven atimmlus eeries. Subjiectr cordleted €11 jrdomenia cf a sarisz hafare
begimming their j nis 83 &= ==Et cs@liss, 79 coatrcl for practice effects,
sub;jeci? made thair judgments of ths seven silcwlius seiies ila 2 counter-balanced
crder,

Materials and spparatus, Tehle 1 dafines the stimuli used in the size, hu .
brightness, aad the hue-brightness series and shows the response number that was
asaigned to each. The other three multidimensional series are noc represented in
this table since thay were coastructed by compounding stimuli of the single
dimensional series. In constructing these muliidimensicnal series the component
single dimensisn stimull ware superizposed one on top of the other, Thus for the
series size-hue, stimulus 1 wvas a 1/8 in. 5 R 5/6 square, lg}nulua 2 wvas a 2/8 in,
10 R 5/6 square, siimulus 3 a 3/8 in. 5 YR 5/6 square, etc.S/ In constructing
the multidimensional series of size-hue~brightness, the hue-brightness stimuvli were
compounded with the gize stimuli in the manner described above for sise-hue,

As can he seen in Table 1 the response numbers weve assigned to stizuli in
guch a manner that the serial order of the respounse numbers conformed to the
position of the atimuli along the dimension(s).

1/ The dasign followed a 7 x 7 latin square which vas nol quite realized due to
the seventh subject failirg to complete the exra: lment. Hovever, staiistical
exemination of the data revealed no evidence of asystematic practice effects from
one series to the next.

2/ The multidimensional series of ime<brightness was cn exception to this method of
copstruction snd a8 a result has been presented in Teble 1, This exception wvas
necessiteted by the non-indspendence of huc and brightnesn and the inability to
obtain Munsell hus in kalf brightness steps. It will =li0 be noted in the table
thet the hues in 1his series have a saturstion of four im the Munsell system while
in the hue and the size-hue series all hues hnove a saturation of six., Since the
huss are of a different saturation awl the brightrnses Aifferences between ad jacent
stimuli are & full brightness ctep, the results outained with this multidieensional
weries are not directly comparable to thoee obtaine2 with the other wmultidisen- :

sional serles,
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The stimuii for the size seriss were cut from a dark gray psper and for the
e, brightness, snd hue-brightness series T/8 in. squares of Munsell popers vere
wod, For all series the stimull vere mounted i the center of 3 im, \* te card-
board squares to facilitate hendling,

Frocedure. The subjects were mun {ndividuslly with an average of five one
bour sessions being required te Jjudgs the stimmli in &ny one series, Prior to
beginning the experimental judgments on & given series, each subjsct mada eight
practice juldgments vith correction of each stimulus in the series. Following the
rractice Judgnents cus hundred judigments of a=2-k siimulus were ovtained during

the experimentsl sessions. In all each subject made & total of 13,400 experimeptal

Julgments over the seven stimulus series during the exparimental sessions.

As was mentioned above, all stimuli were mounted ou white cardboerd squarea.
Four of these stimulus cards were constructed for each stimulus, The stimulus
ceris were presented tn the sublect e at a time and his judgmsnt recordsd, The
experimentz] sessions wure brokean up into blocks of ,udgments where a Block was
dafined &8 four Jjudgmspis on each stimulus in the particular seriegs. Between
blocks the subject was given a short rest while the experimenter thoroughly
reshuffled the stimulus cards in order to insure a rand~a order of spnesvence =2

the &dflerent stioadi.

Subjects. Ths six subjects vere male undergraduate students at The Johns
Hepkins University., FEone had previously served as a subject in a psychoptysical
experiment, All wWere scroened by a shortensd version (2) of the Ishihara Color
Vision test to insure that they were color normal,

Two different methods have bean used to exprese the discrimination sccuracy
obtained with the three single and the four multidimensionsl stimulus series.
The first of these was to determine the information transmitied in bits (I)
between the stimuli and responses in sach series. Garner und Hzke (5) have shown
that the antilogarithm to the base 2 of I, is interpretable as the maximm rumbsr
of stimulug values that could be selected from a series of stimuli 1f --rorless
discrimination were desired. The second method consisted of computing the average
percent of correct responses given to the stimmli within eeck series,

As = P2irst Blep in evaluating the reésults an orerall itest of the significance
of differences in Aiscrimination sccuracy batween the different series was wade.
The value of I, for each subjent was computed for each of the seven series. These
I, values were then subjected t0o a two-way analysis of variance (stimulus series
and subjects). The resulting F of 20,48 (P> .0001) demonstrated that the varia-
tion in accuracy beétween series wms wuch gréater than couli be reasorably atiri-
buted to chance,

The discrismination accucacy oobteined wita Gach of the seven series is shown

in Teble 2. The first colima ¢f this table gives the average value of I, for the
alx subjects. In the second ¢olumn the antilog of the I, value to the base 2 for

WADC TR 54-165 R
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Table 2

Discrimination accuracy .or the thres sipgle snd the four
multidimensionsl stixulus scries

fumber of Stimull

Aversge Pszzent

Corxect. Judgwernts
Stimulus Series I * m":’:ﬂiﬁ;ﬁh L—~
- Observad  Predictsd

Size 2.84 7.19 k1.5

Bue 3.08 8.h5 53,4

Brightnasa 2.3 5.06 by 3

Sire-Hus 3.55 11,90 76.2 72.6
Size-Brightness 2.98 7.89 59.6 59.9
Hue~Brightness 3.76 13.55 84,2
Size~-Hue-Brightoess | .11 9.5 90.7

17.28

# Based ugon errnr term for the anAlysis of varisnce, differences of .38 and .52

v I, are sigoificant et the .05 and the .01 level, rwspectively.
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eacii cubject hus been averaged through subjects. Thrs the wnlues irv thie colimm
represent the best estimate of the maximm number of stimulus categeries or valuas
taat could be selected from the different wseries if erroriess discrimination ware
to be cbtained. The third colimn shows the aviyrage percert af correct responses
obtained with each series,

A3 can be seen from Table 2 there is a marked ga'un iz dimscrimination vhen

two or three dimensions are compoundsd. Thie is true irrespective of which measure
of discrimination is ccusidered. The multidimensional series of size-hue results iu
significantly mare acsurate digcrimination than iz obtained by sither the %ike or
the hue dimensiop used alone. The size-brigituess and the huc-brightnass series
also yield better discriminatior then is obtained by any of the component dimensions
used aingly and in the case of the series size-hus-brightness vhere stim:l{ differed
from adjacent stiaull in the series on each of theac 3i{mensions dizeriminaiion was

ncarly perfect for all 20 stimuli,

This iemrovement in diecrimination obtained by compounding dimensiuus indicates
at least a muderaic degree of Independence in the accurscy with which tvo or more
dimensicns are simultaneousily ;judged. That is to say, tke accuracy with which a
subject Judges or ratzsa a hue at & given moment is less than verfectly carrelated
vith the accuracy with which he rates s perticular size or brightness valus., In fast
tis zresent data suggest that the velue of this correlation is close to zero.

The resulis cbizined with the multilimedsionel series can be predictad rather
well by the use of thres asgsumwpticns concerning diecriminstion behavior vader the
Tresent conditions. Thery ara:

1. At a given mowent in time, the respomse tendency (rating) to a magnitive on
one dimension is independsnt of tha rosponse tendency to sagnitudes o~ othes
cdimensions,

2. The distribution of respounse frequencies to a stimulus zagnituds io s
iearure of the relnotive strengths of response tendencies elicited by that magnitude,

3. In the case of competing response tendsncies the stronger tendency will be
evokel as a response,

In Table 3 thest aasumptions have been tsed to predict the distridbution of
responses o stimulus nuwber 8 (8/8 ia. 10 OY squara) in tbs multidimensional sise-
hue series.

The fiv:t column of this table shows the response 2iztribution outained for
this hue (10 GY) when it occurred as stimulus nutbar & in the hue seriss snd ile
second column shows the distribution of respcnsr: v thic size (8/3 in. square)
vhe: 1t occurred as stimulus 8 in the sise serics. Tus third coluem is th~
response distribution to the compound of tlese two stimulus magiitudes.

If we consider the firct two coli=ms ags reflecting the atrsenzth of response
tendencies to these two stimulus magnitudes vhen visved se,arascely, we would
expect that 16,84 of tha time viwn this size occurred in the sise-hue serice
the rowponse tendency 7 would occur and 49.6% of the time this particular > “rouli
tend to elicit tha w»espurcs 8, In keeping with the first assumption of indapendsnce,
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it would Le expected that 49.5( of the time vhen this #ize maguitude tended to
elicit the response 7, this hue r~cnitude would temd to elicit the respouse 8,

In keeping with asmumption 3, the occurrence of this event would give rise to the
reeponse 8- since the response 8 to the hue magnitude is a stronger response (has

2 higher relative fraquency) than 7 1s to the size magnitvie. Ir cther words

for thiz particulsr event, sccuracy of discrirdmetior <o the siz:-hue cowpound
wvould ineresse by 8.3% over what would have been obtained :, niza nrlonme. .

In a similar vay we may consider all the other vosmaible zi~uitz that could
arise from these two distributicne. Thie essentially veduca2s tu multiplying evch
respanse percentage for the size or hue magnitude by the re.jonme wercentage
for the othar dimensional magnitude and assigning the produv-0 o the response
cetegory that has the highest percentage value. Thus 0.3% .or response 5 for sice
would be multiplied by 0.0% for respoiase 7 for hue snd the priluct, 0,0024%, would
be assigned to response T sinve it hag the grsatest response uizength of the two
responses. :

Columi four in Tsble 3 is the ypredicted response distributlcu for stimumlus
mmber 8 in the pize-hme meries, It was obtained by folicwing the above procedurs
through the 48 mialtiplications favolved and then summing *he priduets essigned
tc esch resconse category. As can be saen from the .1:tw=, the pradtz distri-
bution iz a fair approximation tn the emhirical one,

The distributicn predicted in Teble 3, however, is Tiz ~aiy onmg 22 the
compoundeld atimull and is not an alequate test of the nr. <i~tive wodel, Accordingly
the above described procedure was carriéd out four ei?n stinuwi.: in the size-hue,
size<brightness 2 the sire-hue=brightness series.2’ 7Tic praiicted percent correct
Judgments for each stimulus was then averaged for each serics. These sverage
predicted percent correct respouses are showm in colven four oi ‘fabl~ 2 vhere they
can readily be compared with the obtuined values,

Comparison shows the predictci percent correct responses are very close to the
expirical resultz. The biggest discrepency is 5.9% for the multidimensional
series size-hue-brightness, but 4t i& less than 1% for size-brightness. The closn=-
oc2s of the £it can be further demonstrated by computing the rank orider correlas
tion retween the predicted percent correct judgments fof ecach stlsln; ia a series
and the obtainsd percentege correct udgments., For the nize-htie sexries this rank
order correlaticn is .86 for the 20 stizili, and for the 17 stiwuli *n the sise-
brightness series, rho is .77. A simiiar renl ordsy correiatsve Zor the site-huee
brightnecs was not practicable since the discriminaticn accuracy Cor (s series wes
nearly perfect and there was litcle or ro variation among thx pruficicd or the
obtaived Andegments for the stiaull in thie sertes.

3/ It vas not possible to obtain such predictions for the hue-brightness series
since, as wvas pointed out in the section on Procedure, this miltidimensional
series vas nct a simple ccmpound of the stimili uged in tho hye and bhwightness
serica. Due to limitstions of Munsell hues 1t was nscessary to use a full uright
ness step beatween adiscart huss is tids multidimensional ssries vheress in the
brightness seriss slone, half-brigutoness steps were empioyed, Also. 88 & con=
sequence it was pecessary for the same brightness valuss to be campoundsd with
several differant aues,
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Table 3

Distribution of respinses in percent to the 8/8 in. square in the size

serie3, the 10 OY in the hus serivs, and to the compound of these two valuer

in the size-hue series (N = €00)

Size-Hue Size-Eue

Responee Size Hue Ohsarvad Predicoed
5 0.3 0.0 0.0 0.0
6 0.7 0.0 0.0 0.0
T 16.8 0.8 1,7 2.2
8 h5,2 4.6 81.5 72.8
9 24,0 19.8 12.3 18,3
10 8.6 7.5 k.3 5.6
u 3.0 9.5 0.2 1.2
i2 0.2 2.7 0.0 0.0
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IV, UDISCUSSION

The results of the nreasnt atudy show quits clearly that compounding dimen-
sional differences botween stimuli results in e large as well as a significant
improveacnt in discriminmcior under the absolute method of judgment, This impiove-
ment in discrimination indicates at least a moderate degree of indenanience st 3
given time between a subject's ability to rate corrsctly a magnitude on one
dimension and his ability to raie correctly magnitudes on other dimensions. In
the present case it *ms possible by assuming complete independence of Judgments
to predict with reasonu:l. acruracy the discriminability of compoundst or zultie-
dimensional stimulus series from the discriminability of the component diwensions,

It should be noted, however, that the results obtained aere ar- limiiea to the
visual dimensions ewployed and tc thi type of discrimination that ocrurs under
conditions of absolute Jjudgment., The importance of the perceptual tzék &xd the por-
formance aeasure studied has been pointed cut earlier in this paper to be a factor
in determining the effiot of compounding dimensional dirTverences bevwwen stimuli
(1, ¥)¢ Also it seems guite reascnable to expact that therc ars psychological
dimensions wvhere judgmental sccuracy at & moment in time is corvelsted 23 varying
degrees with judgeental accuracy on other dimeneions. The existence of such
dimensions and the factors determining the covrclations need to be determined,

It should be noted in the present study that ths subjects were ‘ell awere of
the different dimensions along vhich the compounded stimuli Aiffersd, Most of
the subjects, when questioned after the experiment, stated that they were avare
of the component dimensions in making their judgments of & compounded stimulus.
This awareness must be considered as arother restriction on the obtained results,
since 1t i3 quite likely that certain other dimensions meay combine in such a
uanner that the resultasnt siimulus is perceived as & viole where the observer is not
aware of all the component dimensions. Possible examples are the dependence of
pitch upon loudness and visual forms, In & similar way the compounding of s large
number of dimensions may result in the loss of ready awareness of some of the
dimensions involved in the compounding. If this latter case were true, it might
set the vpper limit on the amount of improvement in discrimination that cen be
obtained via cezmpownding dimensions.

There is one other aspect of the present data that deserves comment, This
concerns the number of abeolutely identiflable or Aiscriminable steps that cea
o obtainsd with the hius and orighiness diwmensions, Since the entive range of
visible hue agd nrarly the entire range of brightness was used in these respective
st.zulus series, the nimber of sbsolutzly discriminsble stzps obtained for these
cimensions may ba cousiders=d as cioee apnruximations io the maximum obtainable,
As was seen swbove, very few values could be selected from the brightness dimension
80 as to satisfy the criterion of perfect discriminability uuder absciute comditions,
Thr data suggest a mazioum of about five valuzs, The a ixir.m nusb-r of values
that :ould be selected from the hue dimension to meet this criterion is ascmewvhat
larger, Here the data indicste the. at least eight hues of equal brightness andi
saturation could bYe so selected, “This nusber for hue ie somewhat less than thse
oimbes hel Lies Deea wslizaled oy Halgey and Chapenis (7). Thelr data indicated
that betweean ten and twelve hues could be absolutely digcriuinersd,
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This discrepancy heiwesn the two zete of data seems most likely vo be due
to differences in amount of practice given the gubjects, Halsey &uad Chapenis
practiced their subjects until there was no further learning f:om trial to trial,
If only the last 20 judgments of each of the 20 hue gtimuli sre considered in the
present experiment, it is found that the subjects were transmitting an averzge of
3.44 bits of informatisn from the hue dimension, The satilog to the base 2 of this
value 18 11, vwhicn is quite comparable to the figure arrived at by Halsey and
Chapaniz, A comparable computation for the brightness secies results in an sverage
of 2,59 bits which indi<=ics about six steps on the brighiness dimensicn are
absolutely discriminable,

V. SUMMARY

The present study vaz concerned with the contribution of miltidimensional
stimilus differences to accuracy of discrimination., Discrimination accirucy was
determined by the method of ebsolute Jwigment for » deries of stiwuwii varying along
the dimeusion of sice, of hue, and of brightness. The discriminaticn measures
obtained for these stimuli varying along these single dimensions were then com-
pared with the discrimination measures cbtained when a series of stimull varied
op size and hue, size and brightness, hue end brightness, and size, hue and orighte
ness,

The rezults demonstrated that the discriwinability for a multidimensional
series of stimuli ves coneiderably greater than that obtained for avy of the
compounding dimensions used alope, It was further shown thet the discrimination
accuracy for & ccmmounded or multidimensionsl ssries of siimulil could be predicted
vith rengonable prrcision if the discrinmination Rccuracy of th: coxpounding
dimensions was krowm, This predictability was based upon the assumptior of
independence ir the accuracy ¥ita which magnitudes on two or more dimensions are
simultaneousiy Jjudged.
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